Protein tyrosine phosphorylation accompanies the integrin-mediated cell to substratum adhesion, and is essential for the progression of G 1 /S phase of the cellcycle in normal ®broblasts. To examine how cellular protein tyrosine phosphatase (PTPase) activity is involved in regulating the adhesion-dependent protein tyrosine phosphorylation, we employed ®broblast cells bearing an active form of a protein tyrosine kinase (PTK), v-Src. We found that the v-Src induced tyrosine phosphorylation in certain proteins such as tensin, talin, p120, p80/85 (cortactin) and paxillin was greatly reduced when the cell to substratum adhesion was lost. Readhesion of the cells onto ®bronectin restored these phosphorylation events, while this was inhibited by the addition of RGD peptide. The kinase activity of the v-Src was unchanged by the loss of cell to substratum adhesion. On the other hand, treatment with a protein tyrosine phosphatase inhibitor vanadate caused much the same increase in the v-Src-mediated cellular tyrosine phosphorylation between cells adhered to the culture environments and cells kept in suspension. These data suggest that PTPase(s) appears to be more critical than the v-Src PTK in determining the cell adhesion-dependent protein tyrosine phosphorylation. Moreover, most of the protein tyrosine phosphorylations that are mediated by the v-Src but still dependent on the cell adhesion were indeed greatly reduced during an anchorage-independent growth of v-Src cells. Thus our data collectively indicate that the v-Src induced high level of tyrosine phosphorylation in certain types of proteins are still under the control of the integrin(s) or the cell adhesion to culture substratum, and most of these adhesion-regulated high levels of tyrosine phosphorylations are not essential for the transformed phenotype.
Introduction
Integrin mediated cell adhesion to the extracellular matrix (ECM) regulates growth, dierentiation and survival of a variety of types of cells (for reviews see Hynes, 1992; Juliano and Haskill, 1993; Meredith et al., 1993; Frisch and Francis, 1994) . With a high similarity to growth factor or cytokine signaling, cell to substratum adhesion triggers several intracellular signaling mechanisms such as protein tyrosine phosphorylation, cytoplasmic alkylation, intracellular Ca 2+ uctuation and inositol lipid metabolism (for review see Hynes, 1992) . On the other hand, many types of cell transformation often cause anchorage-independent growth of cells. Such transformation may have thereby bypassed some of these signaling pathways.
Tyrosine phosphorylation of tensin, Focal Adhesion Kinase (Fak) and paxillin, all co-localized at the focal adhesion plaques, accompany cell adhesion to the ECM (Guan et al., 1991; Kornberg et al., 1991; Burridge et al., 1992; Bockholt and Burridge, 1993) . Treatment of cells with protein tyrosine kinase (PTK) inhibitor herbimycin A, which diminishes adhesioninduced protein tyrosine phosphorylation, inhibits the formation of focal adhesions and actin stress ®bers, and inhibits the progression of cells into S-phase of the cell cycle (Burridge et al., 1992) . Thus, the cell to substratum adhesion regulated protein tyrosine phosphorylation appears to be important in cellular signaling evoked by the adhesion (for review see Clark and Brugge, 1995) .
Fibroblasts transformed by the v-Src PTK have an altered cell morphology and a disorganized cytoskeletal architecture (for reviews see Hanafusa, 1977; Jove and Hanafusa, 1987) . They lose tight adhesion to cell culture dishes, and are able to grow in the absence of cell adherence to the ECM. A number of evidences have indicated that v-Src induced high levels of cellular tyrosine phosphorylation is essential for transformation (for reviews see Jove and Hanafusa, 1987; Parsons and Weber, 1989) . v-Src has been shown to be associated with cytoskeletal matrix and be involved in the tyrosine phosphorylation of several cytoskeletal as well as focal adhesion proteins; such irregular tyrosine phosphorylation has been implicated in causing actin ®lament disorganizations, as well as altered cell morphology and decreased cell adherence to the ECM (for reviews see Jove and Hanafusa, 1987; Parsons and Weber, 1989) . Tyrosine phosphorylation of integrins by v-Src, for example, has been shown to decrease the ability of the integrins to interact with talin and ®bronectin in vitro (Tapley et al., 1989) . The production of ®bronectin-degrading proteases in v-Src transformed cells (Chen et al., 1984; Fairbairn et al., 1985; Chen and Chen, 1987) and reduction in the level of ECM proteins such as ®bronectin or its mRNA expression (Hynes and Wyke, 1975; Olden and Yamada, 1977; Hayman et al., 1981 Hayman et al., , 1982 Tyagi et al., 1983) are also involved in the reduced adherence of the transformed cell to culture dishes. On the other hand, it has been demonstrated that cell morphology, cytoskeletal architecture and adherence of cells to culture dishes can be restored to some extents to a normal state when the amounts of the ECM proteins are increased (Yamada et al., 1976; Ali et al., 1977; Chen et al., 1986) .
Cellular protein tyrosine phosphorylation is regulated by highly balanced equilibration between PTKs and PTPases. To elucidate the mechanism of the cell adhesion or integrin mediated signal transduction, it is important to understand which is the major player, PTK or PTPase, in determining the levels of protein tyrosine phosphorylation during the cell to substratum adhesion. To address the issue, we used v-Src transformed ®broblasts where several proteins are highly tyrosine phosphorylated primarily due to the kinase activity of v-Src. Moreover, it is expected a priori that the kinase activity of the v-Src may not be changed by the loss of the cell adhesion. We found that a certain fraction of v-Src mediated cellular protein tyrosine phosphorylation is evoked only when the cell adhesion to the external substratum is maintained, and is dephosphorylated upon the loss of the cell adhesion. Our data suggest that certain cellular PTPase activity(s) or its accessibility toward the substrates is upregulated by the loss of the cell adhesion, and this PTPase(s) appears to be more critical than v-Src PTK in determining the adhesion-dependent protein tyrosine phosphorylation in v-Src cells. Formation of actin stress ®ber while cells are adhered to culture environment may also play a role in the regulation of the activity of this putative PTPase(s).
Results
Cell to substratum adhesion-dependent and -independent tyrosine phosphorylation in v-Src transformed ®broblasts Tyrosine phosphorylation of several focal adhesion proteins such as tensin, Fak and paxillin are regulated by cell adhesion to the ECM in normal ®broblasts (Burridge et al., 1992; Bockholt and Burridge, 1993 ; also see Figure 1a ). In addition to these proteins, a number of proteins mostly localized in the cytoskeletal fraction, are highly tyrosine phosphorylated in v-Src transformed ®broblasts (Figure 1b) Kanner et al., 1990; Glenney and Zokas, 1989) . Note that exposure time for chemiluminascence in Figure 1a was about 18 times longer than that of Figure 1b .
Tyrosine phosphorylation of paxillin in v-Src ®broblasts are 10 ± 20 fold higher than that in normal ®broblasts (Glenney and Zokas, 1989) . During our analysis of paxillin tyrosine phosphorylation, we noticed that the high level of tyrosine phosphorylation of paxillin in v-Src transformed 3Y1 cells was still dependent on the cell adhesion. We then examined whether the cell to substratum adhesions participate in the v-Src induced tyrosine phosphorylation of other cellular proteins. To adhere cells relatively well to culture dishes, v-Src transformed cells were spread onto culture dishes in the presence of serum 16 to 20 h prior to each experiment. Under these conditions, most of the cells seemed to be adhered and spread-out relatively well onto culture dishes and only a minor portion (10 to 20%) of the cells showed a rounded-up morphology (data not shown; also see Figure 6c ). On the other hand, to prevent cells from adhering to culture dishes, cells were trypsinized, and kept in (Figure 1b) . Cells loaded onto poly L-Lysine-coated plates in the absence of serum also showed essentially the same pattern and level of cellular tyrosine phosphorylation seen in cells kept in suspension (data not shown; see Figure 1c ). Such reduction in cellular tyrosine phosphorylation appeared not to be universal but to occur with several speci®c proteins (Figure 1b , also see Figure 2 ). When v-Src transformed cells kept in suspension were spread on ®bronectin-coated culture dishes in the absence of serum for 30 min, cellular protein tyrosine phosphorylation was restored almost completely to levels in cells growing on culture dishes (Figure 1b) . These results were reproduced with other 3Y1 cells which were transformed by the c-src 527F mutant (Kmiecik and Shalloway, 1987; Sabe et al., 1992) (data not shown). Moreover, the cell adhesion-dependency of v-Src induced high levels of cellular protein tyrosine phosphorylation was also observed with CEF transformed by v-src virus (Figure 1c ), indicating that this phenomena is not restricted to certain types of cell lines.
Using antibodies speci®c to each tyrosine-phosphorylated protein, changes in protein tyrosine phosphorylation of each were analysed. Tyrosine phosphorylation of tensin (Davis et al., 1991) , talin (DeClue and Marin, 1987) , p120 (Kanner et al., 1990; Reynolds et al., 1992) , p80/85 (cortactin) (Wu et al., 1991) and paxillin (Turner et al., 1990) was greatly reduced or became almost undetectable when the cell to substratum adhesion was lost (Figure 2 ). Tyrosine phosphorylation of these proteins was then restored to similar to the original levels when the cells in suspension were spread on ®bronectin-coated culture dishes in the absence of serum (Figure 2 ). In addition to these proteins, tyrosine phosphorylation of a protein band at around 60 kD was also greatly reduced when the cell adhesion was lost (Figure 1b) . This band could bind to a GST-rasGAPSH2(N) fusion protein, suggesting that this 60 kD band may correspond to ras-GAP associated p62 (Ellis et al., 1990) (Figure 2 ). With p62 co-immunoprecipitated with endogenous ras-GAP using an anti-rasGAP antibody, however, the reduction in the level of tyrosine phosphorylation was much smaller as compared to those recovered with GSTrasGAPSH2(N) fusion protein when the cell to substratum adhesion was lost (data not shown).
On the other hand, tyrosine phosphorylation of ras-GAP associated p190 (Settleman et al., 1992) , p130Cas (Kanner et al., 1990; Sakai et al., 1994) , Fak and v-Src was largely unaected by the loss of the cell to substratum adhesion (Figures 2 and 3) . Tyrosine phosphorylation was also unchanged with p190 coprecipitated with ras-GAP using an anti-ras-GAP antibody (data not shown). Constitutive tyrosine phosphorylation was also seen with bands at 36 kD and at 150 kD in Figure 1b . The 36 kD band may correspond to calpactin (Radke et al., 1983) , and the 150 kD band is not yet identi®ed (DeClue et al., 1993) . Tyrosine phosphorylation of ras-GAP (120 kD) (Trahey and McCormick, 1987) seemed to be slightly reduced by the loss of cell adhesion, although the overall level of tyrosine phosphorylation of this protein was too weak to assess changes precisely (Figure 2 ).
Tyrosine phosphorylation of Shc (Pelicci et al., 1992) and Syp (Feng et al., 1993) was also very weak in our v-Src transformed cells (data not shown).
As reported previously with dierent types of ®broblastic cells (Burridge et al., 1992; Bockholt and Burridge, 1993) , tyrosine phosphorylation of Fak, paxillin and tensin ( Figure 2 ) was regulated by the cell to substratum adhesion in the parental 3Y1 cells (Figure 1a ) which was used to establish the v-Src transformed cells.
Possible alteration of protein tyrosine phosphatase activity by the loss of cell to substratum adhesion The results described above indicate that v-Src PTK cannot induce the tyrosine phosphorylation of a certain type of proteins when the cell adhesion is lost. We then examined whether the kinase activity of v-Src was aected by cell to substratum adhesion. As shown in Immunoprecipitants were separated on SDS ± PAGE and subjected to immunoblotting using anti-pY Abs (upper panels) and each antibody used for immunoprecipitation (lower panels). Since antibodies against p190, p130Cas and p120 were very weak in immunoblotting, blots only with anti-pY Abs were shown. p62 represents a protein(s) precipitating with GST-rasGAPSH2(N), and subjected to immunoblotting using anti-pY Abs dishes, or cells spread on the ®bronectin-coated dishes in the absence of serum gave similar activities to each other in vitro.
One of the other factors responsible for the changes in cellular protein tyrosine phosphorylation is PTPase activity. We then treated v-Src transformed cells with a PTPase inhibitor vanadate under various conditions. The vanadate-treatment induced tyrosine phosphorylation in v-Src cells to a level much higher than that in untreated v-Src cells ( (Figure 4b) , suggesting that the vanadate-induced tyrosine phosphorylation in v-Src transformed cells was primarily due to the v-Src PTK activity. Note that endogenous tyrosine phosphorylation was almost undetectable under this condition of chemi¯uorescence exposure time (10 s), in contrast to those in Figure 1a where it was exposed for 3 min.
In these experiments using v-Src cells, the tyrosine phosphorylations we were detecting were primarily those induced by v-Src PTK, but not by cellular endogenous PTKs. Thus, these results clearly indicated that tyrosine dephosphorylation upon the loss of cell adhesion is not due to the change in the activity of the v-Src kinase nor the change in its accessibility towards its substrate. Therefore, it may rather re¯ect the change in PTPase(s). To obtain a clue to the nature of the PTPase(s), we further analysed protein tyrosine phosphorylation under several conditions. To do this, we choose a focal adhesion protein paxillin as an indicator, because paxillin is highly tyrosine phosphorylated in v-Src cells in the cell adhesion-dependent manner (see Figure 2 ) and is likely to be a direct substrate of v-Src PTK (Glenney and Zokas, 1989; Sabe et al., 1994; Thomas et al., 1995) . We con®rmed that after treatment of the suspension cells with vanadate, paxillin became tyrosine phosphorylated to the similar level as seen in the adherent cells or the vanadate-treated adherent cell ( Figure (Figure 6f  and g ). On the other hand, actin stress ®ber are depolymerized when the cell adhesion is lost even in the presence of vanadate (Figure 6h and j) . These results indicated that rather than the cell adhesion per se but the integrity of actin stress ®bers that is maintained during cell's adhesion to the culture environments may be necessary to cause downregulation of the putative adhesion-regulated PTPase(s).
Most of the adhesion-dependent protein tyrosine phosphorylations are not essential for an anchorageindependent growth of v-Src cells
One of the remarkable features of v-Src transformation of ®broblasts is the acquisition of an ability to grow in the absence of cell to substratum adhesion; that is, anchorage-independent growth. We next examined cellular tyrosine phosphorylation when the transformed cells were growing in an anchorage-independent manner. To grow cells in an anchorageindependent manner, cells were detached from culture dishes by trypsinization, washed, suspended in culture medium containing serum, and loaded onto culture dishes which had been precoated with agar. After 3 days in culture, growing cells that were¯oating were collected and analysed. Number of the cells expanded about tenfold during the 3 days culture (data not shown). When v-Src transformed cells were growing in an anchorage-independent manner, the general pattern of cellular tyrosine phosphorylation was much the same as that seen with v-Src cells in the absence of cell to substratum adhesion without serum (Figure 7a ). Immunoprecipitation of each protein also revealed that the level of tyrosine phosphorylation in each protein was comparable to those seen in cells kept in suspension; for example, tyrosine phosphorylation of Fak stayed at a high level while that of paxillin stayed at a low level (Figure 7b ; data not shown). However, a protein band at around 60 kD, which was not detected in cells kept in suspension, was highly tyrosinephosphorylated during an anchorage-independent growth (Figure 7a ). Migration of this band on SDS ± PAGE was the same as the band at around 60 kD in vSrc cells grown on culture dishes or spread onto ®bronectin in the absence of serum (data not shown, also see Figure 7a and Figure 1b ). An increase in tyrosine phosphorylation of this band was also observed when the suspension cells were stimulated with serum for 1 h (Figure 7a) . Similarly in the case of the cells adhered onto ®bronectin, most of the protein(s) consisting the 60 kD band in cells grown in suspension were recovered with GST-rasGAPSH2(N) fusion protein, suggesting that this band may be ras-GAP associated p62 (data not shown). As a control, 3Y1 cells were grown 3 days in suspension; no signi®cant tyrosine phosphorylation was detected (Figure 7a ). Under the same condition, with 3Y1 cells expressing v-Crk (Sabe et al., 1992) , tyrosine phosphorylation of a protein of 130 kD, which might correspond to the v-Crk-binding p130Cas (Mayer et al., 1988; Sakai et al., 1994) , was detected (Figure 7a ). Both types of cells could not grow in the absence of adhesion to the ECM (Sabe et al., 1992) , but the majority survived after 3 days culture in suspension (data not shown). 
Discussion
We have demonstrated in this paper that the cell adhesion to external substratum is necessary to evoke and maintain the high levels of v-Src induced aberrant tyrosine phosphorylation in certain types of proteins: tyrosine phosphorylation induced in v-Src transformed ®broblasts can be classi®ed into two types; one independent on cell to substratum adhesion, and the other dependent. These tyrosine phosphorylations which were induced by the cell binding onto ®bronectin could be inhibited by the addition of RGD peptide. Thus, integrin is involved, at least partly, in the v-Src mediated cellular protein tyrosine phosphorylation. Our results also demonstrated that most of the v-Src mediated high levels of protein tyrosine phosphorylations that are still regulated by the cell to substratum adhesion, such as those in tensin, talin, p120, p80/85 (cortactin) and paxillin, are not essential for the anchorage-independent growth of v-Src transformed cells. The kinase activity of v-Src measured in vitro did not change by the loss of cell adhesion. Our analysis showed that inhibition of PTPase activities by vanadate, even when the v-Src cells were kept in suspension, could cause an increase in v-Src mediated cellular protein tyrosine phosphorylation. The level and the pattern of the vanadate-induced tyrosine phosphorylation in the suspension culture of v-Src cells seemed to be essentially the same as those induced by vanadate in v-Src cells adhered to culture dishes. These data indicate that the v-Src PTK in cells kept in suspension has a potential to evoke cellular protein tyrosine phosphorylation with similar eciency to that in cells adhered to external substratum. Thus, the reduction of the cellular protein tyrosine phosphorylation by the loss of the cell adhesion appears to be rather attributed to a change in the activity and/or the accessibility of a certain PTPase(s) towards cellular proteins. Consistent with this notion, it has been demonstrated that PTPase activity in CEFs can be regulated by cell to substratum adhesion: the loss of the cell adhesion was shown to cause an increase in cellular PTPase activity measured in vitro using 32 P-labeled Raytide as a substrate (Maher, 1993) .
Several types of cellular proteins are substrates for vSrc PTK in vivo, including those localize in cell to substratum adhesion plaques (or podosome in the case of some v-Src transformed cells), cell to cell adhesion region and even in cytosol fraction (Glenney, 1989; Glleney and Zokas, 1989) . Paxillin, tensin and talin are indeed localized at the adhesion plaques in our v-Src cells (unpublished data). Proteins such as p120 and p80/85 (cortactin) are localized at cell to cell adhesion region (Reynolds et al., 1992; Wu et al., 1991) . Thus, the adhesion dependency of the v-Src mediated tyrosine phosphorylation is not restricted to proteins localized at the cell to substratum adhesion. Our results suggested that actin stress ®ber is also related to the downregulation of the putative adhesion-regulated PTPase activity(s). Integrity of actin stress ®ber is involved in the protein assembly at cell to cell adhesion. Thus, the depolymerization of actin stress ®ber upon the loss of cell adhesion to substratum may also in¯uence PTPase activity(s) localized at the cell to cell adhesion region.
The substrate speci®city of the putative adhesionregulated PTPase(s) is not the only factor which may determine the apparent adhesion dependency of the vSrc-induced protein tyrosine phosphorylation. The tight association of several SH2 domains with v-Srcinduced tyrosine phosphorylations may participate in the protection of these phosphorylated tyrosine against PTPase activity (Birge et al., 1992) , thus causing sustained tyrosine phosphorylation in the absence of the cell adhesion, as in the case of Fak in v-Src transformed ®broblasts (Guan and Shalloway, 1992; Cobb et al., 1994; Schaller et al., 1994) and p130Cas in v-Crk transformed cells (Mayer et al., 1988; Birge et al., 1992 ; also see Figure 7a , lane 5).
Tyrosine phosphorylation and the kinase activity of Fak in v-Src transformed ®broblasts has been shown to be sustained even when the cell to substratum adhesion is lost, and is thereby proposed to contribute to anchorage-independent growth of v-Src transformed cells (Guan and Shalloway, 1992) . With this criterion, our analysis suggested that ras-GAP associated p190, p150 (unidenti®ed), p130Cas, p125Fak and p36, whose tyrosine phosphorylation was sustained in the absence of the cell adhesion, may participate in the anchorage-independent growth of vSrc transformed cells. Indeed, tyrosine phosphorylation of ras-GAP associated p190 (DeClue et al., 1993) and p130Cas has been shown to be well correlated with transformation. Changes in the tyrosine phosphorylations of ras-GAP, Shc and Syp could not be assessed precisely because of the very low levels of tyrosine phosphorylation in these proteins in our v-Src cells. It has been suggested that tyrosine phosphorylation of neither ras-GAP nor Shc may be essential for transformation (DeClue et al., 1993) .
v-Src induced cellular tyrosine phosphorylation, mostly in proteins comprising an integral part of the cytoskeletal structure, has been implicated to be involved in the weakened adhesiveness to culture dishes or the rounded-up morphology (for review, see Jove and Hanafusa, 1987) . However, a particular protein(s) whose tyrosine phosphorylation induced by v-Src kinase is essential for the altered adhesiveness has not yet been clearly identi®ed. Our data showed that cell to substratum adhesion, rather paradoxically, accompanies an induction of the v-Src mediated aberrant protein tyrosine phosphorylation in v-Src transformed ®broblasts. Moreover, actin stress ®bers were formed in our v-Src 3Y1 cells upon adhesion of the cells to ®bronectin, as has been shown previously (Yamada et al., 1976; Ali et al., 1977; Chen et al., 1986) . Our results thus indicated that elevation in the level of ECM protein could override, to some extents, the disorganization of cytoskeletal architecture in vSrc cells in spite of the induction of high level of aberrant tyrosine phosphorylation. Rather than aecting cytoskeletal architecture directly, the v-Src induced aberrant protein tyrosine phosphorylation may primarily in¯uence the steady-state levels of ECM components on the cell surface, as has been reported (Hynes and Wyke, 1975; Olden and Yamada, 1977; Hayman et al., 1981 Hayman et al., , 1982 Tyagi et al., 1983; Chen et al., 1984; Fairbairn et al., 1985; Chen and Chen, 1987) .
To our surprise, although tyrosine phosphorylation of a thick band at around 60 kD in molecular size was regulated by cell to substratum adhesion, it was tyrosine phosphorylated when the v-Src cells were growing in an anchorage-independent manner, or stimulated with serum while cells were kept in suspension.
Our experiment using GST-ras-GAPSH2(N) protein suggested that this band may correspond to the ras-GAP associated p62. Although it has been dicult to assign a precise biological role to ras-GAP associated p62, tyrosine phosphorylation of ras-GAP associated p62 has been shown to correlate with cell transformation (Bouton et al., 1991; DeClue et al., 1993) . On the other hand, the level of tyrosine phosphorylation in p62, which is coimmunoprecipitated with endogenous ras-GAP, was mostly unchanged upon the loss of the cell adhesion to the ECM. In this regard, it may be noteworthy that p62 appears to contain eight or nine sites for tyrosine phosphorylation induced by v-Src in vivo (Bouton et al., 1991) , and only about 15 to 25% of tyrosine phosphorylated p62 is found in a complex with endogenous ras-GAP (Boulton et al., 1991) . Molecular structure of ras-GAP associated p62, however, has not been elucidated (Lock et al., 1996) . Moreover, in vitro binding of the GST-fusion protein of ras-GAPSH2(N) domain may not be restricted to ras-GAP associated p62. We, therefore, do not know the molecular identity of protein(s) consisting the 60 kD band.
Materials and methods

Cells and adhesion to substrates
3Y1 cells and 3Y1 cells transfected by pBabePurov-src or pBabePuroc-src527F DNA (Sabe et al., 1992) were cultured with Dulbecco's modi®ed Eagle medium (DMEM) (Gibco BRL, Gaithersburg, MD) containing 5% fetal calf serum (Hyclone, Logan, Utah). The transformed cells were cloned by colony-formation in soft-agar (0.4% of bacto-agar, Difco, Detroit, Michigan). Chick embryo ®broblast (CEF) cultures were prepared from 11-day-old chicken embryos and maintained in Scherer's medium containing bovine calf serum (Sigma) (Hanafusa, 1969) . Secondary cultures of CEF were infected with v-src virus (Scmidt-Ruppin strain Rous sarcome virus) (Hanafusa, 1969) , further cultured for 6 ± 9 days before the experiments. Cell adhesion experiments were performed according to the methods as described (Burridge et al., 1992) with some modi®cation. 2610 6 transformed cells were seeded onto culture dishes (10 cm in a diameter; Corning 25020) 16 ± 20 h prior to each experiment. Cells were then used to prepare cell lysates; or trypsinized, washed twice with phosphate buered saline containing 0.5 mg/ml soybean trypsin inhibitor (Sigma, St. Louis, MO), resuspended in DMEM without serum, and kept in suspension at 378C for 30 min. Then, cells were plated on culture dishes precoated with rat ®bronectin (10 mg/ml; Gibco BRL) or plastic dishes coated with poly L-lysine (0.5 mg/ml; Sigma) and incubated at 378C in the absence of serum for 30 min. To grow cells in suspension, trypsinized cells were suspended in DMEM containing 5% serum and loaded onto culture dishes precoated with agar (Difco, Noble Agar, Detroit, MI) (1.8% agar in DMEM containing 5% serum) to prevent cell to substratum adhesions. Under this condition, a small fraction of the cells adhered to the surface of the agar, but only¯oating cells were collected and subjected to further analysis. To inhibit integrin binding to ®bronectin, 1 mM RGD peptide (Gly-Arg-Gly-Asp-Ser-Pro; Iwaki, Chiba, Japan) (Pierschbacher and Rouslahahti, 1984) was added while cells were plated onto ®bronectin-coated dishes. A peptide with Gly-Arg-Gly-Glu-Ser-Pro sequence (Iwaki) was used as a negative control. Concentration of ®bronectin in these experiments was 1 mg/ml.
Cell lysates were prepared in RIPA buer [1% Nonidet P-40 (NP-40), 1% Na deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 20 mM Tris-HCl (pH 7.4), 100 mM NaCl, 5 mM EDTA, 50 mM NaF, 1 mM Na 3 VO 4 , 10 mM Na 2 MoO 4 , 1 mM phenyl methylsulfonyl¯uoride, 20 mg/ml of aprotinin (Sigma), 20 mg/ml leupeptin (Sigma)] (Sabe et al., 1992) , after cells were washed with ice-cold phosphate-buered saline. To solubilize cells, RIPA buer was added onto dishes and cells were scraped directly on dishes, after cells were washed quickly with ice-cold phosphate buered saline. After being solubilized for 10 min at 48C with occasional Vortex mixing, cell lysates were clari®ed by centrifugation at 10 4 g for 10 min at 48C. Protein concentration in each cell lysate was determined by DC protein assay kit (Bio-Rad, Hercules, CA) using bovine serum albumin (Fraction V; Sigma) as a standard. Each 50 mg of cellular proteins was used to analyse cellular protein tyrosine phosphorylations by immunoblotting.
Antibodies, immunoprecipitation and immunoblotting analysis
For immunoprecipitation, cells were lysed either in RIPA buer or 1% NP40 buer [RIPA buer without Na deoxycholate or SDS]. After clarifying by centrifugation as described above, cell lysates were precleared by Protein A-Sepharose (Pharmacio Biotech Inc., Piscataway, NJ) or by Protein G-Sepharose (Pharmacia Biotech). Each protein was then immunoprecipitated using corresponding antibodies coupled either to Protein-A Sepharose (antibodies except for mouse IgG1 subtype) or Protein-G Sepharose (antibodies with mouse IgG1 subtype), then washed four times with a solubilizing buer. Samples were then boiled in Laemmli's SDS sample buer, separated by SDSpolyacrylamide gel (8%), electrophoresis (SDS ± PAGE) and transferred to membrane ®lters (Immobilon P; Millipore, Bedford, MA). Filters were then blocked with TBST [10 mM Tris-HCl (pH 7.4), 140 mM NaCl, 0.1% Tween 20 (Sigma)] containing 5% bovine serum albumin (RIA grade; Sigma), and probed with appropriate antibodies. The antibodies retained on ®lters were then detected by peroxidase-conjugated secondary antibodies against Rabbit IgG or mouse IgG, and visualized by ECL (Amersham, Buckinghamshire, England). Reprobing of ®lters were performed according to the manufacturer's instruction (Amersham). Anti-phosphotyrosine polyclonal antibodies (anti-pY Abs) were prepared against tyrosinephosphorylated v-Abl proteins as previously described . Antibodies against the following proteins were purchased or received as follows: tensin (a gift from LB Chen, Davis et al., 1991;  or from Transduction Lab., Lexington, Kentucky; or from UBI, Lake Placid, NY), talin (8d4; Sigma), ras-GAP associated p190 (a gift from R Weinberg), p130Cas (a gift from JT Parson; Kanner et al., 1990) , Fak (a gift from SK Hanks; Hanks et al., 1992) , p120 (UBI), ras-GAP (06-153 for immunoprecipitation, 06-157 for immunoblotting; UBI), p80/85 (cortactin) (UBI), paxillin (Transduction Lab.), Syp (UBI), Shc (UBI), and Src (Ab327, a gift from J Brugge; Lipsich et al., 1983) . Plasmid DNA for the expression of ras-GAP NH2-terminal src homology 2 (SH2) domain fused to glutathione-S-transferase (GST-rasGAPSH2(N)) was a gift from BM Mayer. GST fusion protein was expressed in E. coli DH5a and puri®ed using glutathioneSepharase (Pharmacia). Procedures for the analysis of proteins co-precipitating with GST-rasGAPSH2(N) fusion protein were essentially the same as those for immunoprecipitation except for cell lysates were prepared in PLCL buer [50 mM HEPES (pH 7.0), 150 mM NaCl, 10% glycerol, 1% Triton, 1.5 mM MgCl 2 , 1 mM EGTA, 100 mM NaF, 10 mM NaPPi, 1 mM Na 3 VO 4 , 1 mM phenyl methylsulfonyl¯uoride, 20 mg/ml of aprotinin, 20 mg/ml leupeptin] (Moran et al., 1991) and cell lysates were precleared by GST coupled with glutathione-Sepharose. Incubation of cell lysates with GST-GAPSH2(N) coupled with glutathione-Sepharose was then 1 h at 48C.
Fluorescence staining of F-actin
Cells grown on wells of Lab-Tek chamber slides (Nunc, Naperville, IL), or spread for one hour on ®bronectin-coated (10 mg/ml) chamber slides were washed with PBS and ®xed in 4% formaldehyde in serum-free DMEM. After washing and permeabilization with PBS containing 0.5% Triton X-100, cells were incubated with¯uorescein isothiocyanate-conjugated phalloidin (Molecular Probes, Eugene, OR) as described previously (Tavoloni et al., 1994) . After washing, slides were mounted with a 50% glycerol and 0.1% p-phenylene diamine in PBS. Photographs were taken using¯uorescence microscopy (Labophoto; Nikon, Tokyo, Japan).
In vitro kinase assay of v-Src
The kinase activity of v-Src in vitro was measured essentially the same as described previously (Sabe et al., 1992 . Brie¯y, cells were solubilized with RIPA buer, and v-Src was immunoprecipitated from precleared cell lysates as described above using Ab327 monoclonal antibody (Lipsich et al., 1983) coupled with Protein-A Sepharose. Kinase activity was then determined in a reaction mixture (50 ml) containing 0.1% NP-40, 20 mM Tris-HCl (pH 7.4), 0.1 mM Na 3 VO 4 , 5 mM MgCl 2 , 5 mM MnCl 2 and 10 mCi of ATP (3000 Ci/mmol; Amersham) using 2 mg acid-denatured enolase (Sigma) as a exogenous substrate. Kinase reactions were carried out in siliconized tubes at 308C for 10 min with continuous mixing, and stopped by the addition of ®vefold concentrated Laemmli's SDS sample buer. Samples were then boiled for 5 min and separated by SDS ± PAGE (8%).
